The thalamus plays a central and dynamic role in information transmission and processing in the brain. Multiple studies reveal increasing association between schizophrenia and dysfunction of the thalamus, in particular the medial dorsal nucleus (MDN), and its projection targets. The medial dorsal thalamic connections to the prefrontal cortex are of particular interest, and explicit in vivo evidence of this connection in healthy humans is sparse. Additionally, recent neuroimaging evidence has demonstrated disconnection among a variety of cortical regions in schizophrenia, though the MDN thalamic prefrontal cortex network has not been extensively probed in schizophrenia. To this end, we have examined thalamo-anterior cingulate cortex connectivity using detection of low-frequency blood oxygen level dependence fluctuations (LFBF) during a resting-state paradigm. Eleven schizophrenic patients and 12 healthy control participants were enrolled in a study of brain thalamocortical connectivity. Resting-state data were collected, and seed-based connectivity analysis was performed to identify the thalamocortical network. First, we have shown there is MDN thalamocortical connectivity in healthy controls, thus demonstrating that LFBF analysis is a manner to probe the thalamocortical network. Additionally, we have found there is statistically significantly reduced thalamocortical connectivity in schizophrenics compared with matched healthy controls. We did not observe any significant difference in motor networks between groups. We have shown that the thalamocortical network is observable using resting-state connectivity in healthy controls and that this network is altered in schizophrenia. These data support a disruption model of the thalamocortical network and are consistent with a disconnection hypothesis of schizophrenia.
Introduction
Considerable evidence has implicated thalamic nuclei in the pathophysiology of schizophrenia. 1 Widespread disturbances in information processing and the failure of associative mental processes have been attributed to thalamic dysfunction. 2, 3 Functional imaging studies have revealed reduced activity in the thalamus, [4] [5] [6] and structural imaging studies have identified volume reductions, [7] [8] [9] although not all studies have reliably found reduced volume of the thalamus. 10 With better resolution in neuroimaging techniques, more recent work has focused on the medial dorsal nucleus (MDN). [11] [12] [13] [14] [15] The MDN is one of the few brain regions where reductions in neurons have been observed in postmortem specimens [16] [17] [18] [19] (though not inclusively 20 )
, and neurochemical studies have identified altered expression of metabotropic and ionotropic glutamate receptors in the MDN. 1, 21, 22 Anatomically, the medial dorsal (MD) thalamus is the primary nucleus exchanging excitatory projections with the prefrontal cortex, the cortex responsible for carrying out the executive and emotion functions typically disrupted in schizophrenia. 23 Thus, significant evidence implicates the thalamus in schizophrenia, but relatively few studies have addressed functional relationships of the thalamus with other brain structures in schizophrenia.
Once thought of as simple relay structures, it is now clear that thalamic nuclei, through thalamocortical connections, are key nodes in the establishment of oscillatory dynamics that integrate brain function. [24] [25] [26] Dysregulated glutamatergic projections from the thalamus to the frontal cortex have been proposed by several groups as a component of N-methyl-D-asparate receptor hypofunction in schizophrenia. 1, 27, 28 To address this hypothesis, it is necessary to measure thalamocortical connectivity of the MDN with prefrontal regions. Examining the MDN, Mitleman et al. 29 reported a ''metabolic disconnection'' between the MDN and widespread frontotemporal cortical regions, but the correlation reported between subjects did not measure the dynamic thalamocortical activity that occurs at the level of individual brains. The recent discovery of low-frequency fluctuations in the blood oxygenation level dependence (BOLD) (LFBF) signal, usually identified during passive, resting states, 30, 31 provides a tool to analyse thalamocortical dynamics. Schizophrenia has been usefully conceptualized as a failure of integration, manifest as impaired connections between brain regions, 32, 33 and a growing number of studies have begun to demonstrate impaired connectivity across the brain. [34] [35] [36] [37] This approach was employed by Whalley et al., 34 who examined within-subject correlations of seed voxels in the thalamus of healthy subjects and subjects at risk for psychosis. They found only negative correlations of the thalamus with prefrontal cortex and only in the high-risk subjects and no correlations, positive or negative, in the healthy controls. This result raises the question about the presence of LFBF thalamocortical connectivity in control subjects. Given that the MDN is a small structure and the resolution of functional magnetic resonance imaging (fMRI) is poor, we address 2 experimental questions: Do LFBF oscillations connect the MDN to its target regions in frontal cortex?, and Is this connectivity impaired in schizophrenia? In the study described below, we present results demonstrating thalamocortical connectivity with LFBF and direct evidence for impairment of this connectivity in schizophrenic patients.
Methods

Participants
From a university-staffed community mental health center, stable,medicated outpatients were recruited with diagnostic and statistical manual of mental disorder (DSM-IV) schizophrenia or schizoaffective disorder 38 established by a Structured Clinical Interview for Diagnosis. 39 All patients were without active depression, alcohol/substance abuse/dependence (>6 months without abuse/dependence), and significant medical illness that could affect cerebral function (eg, diabetes mellitus, hypertension). Subject assessment included clinical ratings by an experienced clinician (S.F.T.) on the Brief Psychiatric Rating Scale. 40 Healthy controls were recruited by use of community advertisements. They were not taking medication, were without any Axis I psychiatric disorders (Structured Clinical Interview for Diagnosis, nonpatient version 39 ), and had no psychosis in first-degree relatives. All participants completed a written consent form as approved by the Institutional Review Board of the University of Michigan Medical School.
We collected resting-state fMRI (fcMRI) data from patient subjects participating in a functional imaging study of emotional processing and from healthy subjects participating in this same study or another study examining performance monitoring (findings reported elsewhere). Fourteen patient subjects were evaluated to match the age range of the control subjects, and 3 were excluded due to excessive motion (see ''fMRI Preprocessing'' section) leaving 11 patients (8 schizophrenic, 3 schizoaffective). Of the healthy subjects, 13 were evaluated and 1 was excluded due to excessive motion, leaving 12 subjects for analysis. Demographic details are listed in table 1.
fcMRI Acquisition
All imaging was performed on a GE 3T Excite 2 (General Electric,Milwaukee,Wisconsin) attheUniversityof Michigan Functional MRI Laboratory. For each participant studied, we acquired medium-and spoiled gradient recall (spgr) high-resolution anatomic images (T1-overlay, T1-spgr) and time series data (T2*). Time series data were acquired with a reverse-spiral k-space acquisition. Fortyslice (3 mm slice thickness) volumes were acquired every 2 s echo time, (TE = 30 ms, 64 2 matrix, field of view, (FOV = 220 mm), for a total of 180 volumes. To achieve thermal equilibrium of magnetization for the time series data, an initial 4 volumes (40 slices) were excited but not recorded. To facilitate physiological corrections, cardiac and respiratory cycles were recorded with MRI vendor supplied pulse-oximeter and respiratory belt. Mediumresolution anatomic images (T1-overlay) were acquired in same slice location (3 mm slice thickness) as the T2* volumes but at higher in-plane resolution (256 2 matrix, FOV = 220 mm). High-resolution images (T1-spgr) had 1.5 mm slice thickness (256 2 matrix, FOV = 220 mm).
Resting State Task
Participants were scanned for 6 min while they rested, eyes open, viewing a fixation crosshair to elicit restingstate metabolism. 
fcMRI Preprocessing
Several preprocessing steps were taken to reduce potential sources of noise and artifact. fMRI data were reconstructed off-line using custom code written in C. 42 During task execution typical of fMRI experiments, cardiac cycle and respiration give rise to unexplained spatially temporally correlated variance and typically contribute to residual noise terms resulting in lowered statistical significance. 43 Given there is no overt task in resting-state functional connectivity analysis, 30 it is crucial to remove these systematic BOLD variations arising from cardiac and respiratory sources, which can either mask true functional connectivity signals or even give rise to what appears as a functional network. [44] [45] [46] Therefore, physiological correction of time series data was done and performed in the image domain. 47 Slice timing and motion detection were done using the ''slicetimer'' and the ''mcflirt'' routines of the FSL fMRI analysis package (http://www.fmrib.ox.ac.uk/fsl/slicetimer/index.html). 48 For the connectivity analysis, we used nonrealigned images, and we required that any motion exhibited be minimal (<0.4 mm translation and <0.1 degrees rotation) 46 thereby avoiding motion-induced spatialtemporal correlations. For each participant's data set, the T1-overlay volume was coregistered, using Statistical Parameter Mapping, version 2 (SPM2; Wellcome Trust Center for Neuroimaging, http://www.fil.ion.ucl.ac.uk/ spm 49 ) , to the time series data, followed by coregistration of the T1-spgr image to the coregistered T1-overlay volume. SPM2 was used to spatially normalize the coregistered T1-spgr to the Montreal Neurological Institute (MNI) template. The resulting normalization matrix was then applied to the slice-time-corrected, physiologically corrected, time series data. These normalized T2* times-series data were subsequently spatially smoothed with a 5-mm Gaussian kernel. The resulting T2* images had isotropic voxels, 3 mm on a side. Both, the thalamus connectivity and motor connectivity were then derived from these processed time series data.
Cross-Correlation Analysis
Each T2* volume from the physiologically and slicetime-corrected time series was intensity normalized (global normalization). The resulting time series was then detrended to remove slow drift and mean centered. Additionally, we sequentially regressed out nuisance temporal fluctuations in the MR signal by sampling the bulk white matter and cerebral spinal fluid. 41 It has been observed that functional connectivity defined with lowfrequency BOLD oscillations is in the 0.01-to 0.10-Hz band 44, 46 ; thus, the time course for each voxel was band-passed filtered in this range.
We performed a cross-correlation analysis for bihemispheric motor connectivity. To identify the motor strip, we analysed data from another T2* time series, with identical imaging parameters, when subjects performed a task (judging emotional faces or responding to a letter target) requiring a button press. Using the general linear model implemented in SPM2 with a 2-level analysis, the first level determined individual motor activation by estimating regressors for the button press, employing the times of the individual responses. The resulting contrast image for each subject was smoothed with a 5-mm Gaussian kernel and entered into the second-level one-sample Student t test. We pooled all subjects in a single group for determination of average location of left motor cortex subserving right finger button push. With this average activation, we defined a spherical region of interest (ROI) with a 5-mm radius for correlation analysis for motor connectivity (-42, -24, 54 mm, MNI frame).
For determination of thalamocortical connectivity, a seed region in the MDN was determined by the use of anatomic atlases. 50, 51 Left and right 2 3 2 3 2 voxel seed ROIs were defined in MNI space (coordinates: 67.5, -13.5, 7.5 mm). For each participants' data, we extracted the spatially averaged time course from this region.
For both correlation analyses, we extracted mean time courses from each region. Correlation coefficients were calculated between these average time courses and all other voxels of the brain resulting in a 3-dimensional correlation coefficient image (r image) for motor connectivity and an r image for thalamocortical connectivity. These r images were then transformed to z scores using a Fisher r-to-Z transformation. 52 The resulting z images were then used in 1-sample and 2-sample Student t tests as implemented in SPM2, using a voxel-level statistical threshold of P .0025 (uncorrected) and a cluster extent of k !10 voxels.
To investigate sensitivity to placement of MD thalamus seed ROI, we translated the original 2 3 2 3 2 voxel ROI into 8 different locations, with a single voxel overlap with the original ROI. With these translated ROIs, we recalculated the group analyses as described above. These 8 locations (per side) were also queried for gray-matter density differences. The coregistered, spatially normalized, high spatial resolution, spgr images were segmented using routines in SPM2, 53 and gray-matter likelihood values for the ROIS were extracted from the gray-matter segment images.
To determine connectivity from the MD thalamus to areas that are known to receive projections from the thalamus, we have used the Wake Forest University Pick Atlas add-on for SPM2 (WFU_PickAtlas, http:// www.fmri.wfubmc.edu/cms/software) to define ROI's for Brodmann areas: 6, 8, 10, 11, 24, 32, 44, 45, and 46.
Results
Thalamocortical Connectivity
The functional connectivity analysis for the right and left MDN thalamus revealed correlations with frontal cortical targets, including dorsal anterior cingulate cortex (ACC), rostral ACC, and dorsolateral PFC. Furthermore, correlations were also noted with the caudate nucleus, as well as the contralateral thalamus. Examination of the correlation strength revealed a clear dip when crossing the midline between thalami, suggesting that finding was not an artifact of excessive image smoothing. The schizophrenia group shows a lack of connectivity to frontal regions, though, as in the healthy controls, there is connectivity to the contralateral thalamus. Results for the healthy controls and the schizophrenic patients are enumerated in tables 2-5, respectively (cluster-level significance of P < .05, corrected). Subpeaks are only listed as well if they have a peak voxel false-discovery rate (FDR) 54 significance of P FDR < .05 (FDR corrected). The connectivity maps by group are shown in figure 1 .
A group comparison using a 2-sample Student t test revealed that healthy controls statistically have greater MDN-thalamocortical connectivity than schizophrenic patients. This greater connectivity is present for both the left and right MDN seeds, as shown in figure 2 and summarized in table 6 (cluster-level significance of P < .05, corrected). Because the groups slightly differed in mean age and significantly differed in education, we examined the effects of these demographic variables on thalamocortical connectivity. There was no correlation between connectivity and education, but there was a correlation between age and thalamocortical connectivity in the healthy control group. However, entering age in an ANCOVA analysis between groups did not affect the group difference in thalamocortical connectivity.
M1 Connectivity
To assess connectivity in a brain area not strongly implicated in schizophrenic pathophysiology, we used the motor activation defined ROI to demonstrate motor network connectivity during rest in both the healthy controls and patient populations. Shown in figure 3 are surface renderings of the one-sample t test results using a statistical threshold of P .0025 (uncorrected) and a cluster extent of k !10 voxels. Though there is some qualitative difference supplementary motor area (SMA) connectivity, with the schizophrenic patients demonstrating weaker connectivity to M1, we found no statistically significant difference in motor connectivity between healthy controls and schizophrenic patients.
Connectivity Sensitivity to ROI Placement
To examine the robustness of the correlation between MD thalamus and cortical areas, and the sensitivity of our signal to small shifts in the placement of the seed ROI, we performed 2 analyses. In this analysis, we systematically moved the location of the thalamic seed ROI, so that its center of mass was along 3-dimensional diagonals with a displacement of one voxel side in each direction, that is, a total a diagonal displacement distance of ffiffi ffi 3 p voxels. We counted the voxels above threshold in 10 atlas-defined Brodmann regions of the frontal cortex, for each of the 8 displacements. As figure 4 shows, when the seed ROI in the left thalamus was translated in a dorsal direction, the correlation shifted some between frontal regions, but remained largely the same. Notably, correlations appeared principally in Brodmann areas 8, 9, 10, and 32. However, with ventral translation, most of the above-threshold voxels dropped out. Shifting the position of the seed ROI in the schizophrenic subjects did not improve the signal, with virtually no above-threshold voxels in the regions of interest. Because reduced gray matter has been reported by some in the MD thalamus of schizophrenic patients, 9 we measured the gray matter volumes at the seed ROI and in each of the 8 displacements. Figure 5 shows that at the primary seed ROI on both sides, the patients had nominally, but nonsignificantly, greater gray matter intensity than the healthy subjects. Throughout the range of translated seed ROI locations, gray matter density between groups tracked. For the ventral, medial displacements, there was a significant reduction in gray matter intensity for both groups, suggesting that these placements may have included some partial volume effects with the third ventricular space.
Discussion
With the use of resting-state induced low-frequency BOLD oscillations, we have probed the thalamocortical network and have shown connectivity between the MDN of the thalamus and the prefrontal cortex in healthy controls, validating the use of fcMRI as a tool to examine this network. Using this tool, we have also presented evidence for reduced thalamocortical connectivity in schizophrenia. In addition to these primary results, we found connectivity between the MDN and striatum, which was reduced in the patients. These results have important implications for understanding disturbed network functions in schizophrenia.
Our functional results in healthy subjects parallel the known projections of the MDN to frontal cortex and subcortical structures, with some important exceptions. The MDN contains 3 principal subdivisions (magnocellular, parvocellular, and densocellular nuclei), distinguished by connectivity, myeloarchitecture, and cytoarchitecture. 23, 55, 56 Tract-tracing studies in nonhuman primates have been recently supplemented by MRI tractography in living humans, 57,58 also consistent with our functional results. Specifically, the dorsal-most, densocellular region of the MDN has the strongest projections to medial cortex and the striatum, 55 where we found functional connectivity. When we displaced our seed ROI in a ventral direction, almost all connectivity disappeared, suggesting that the seed was on the dorsal aspect of the MDN. We also noted connectivity to the lateral cortex, consistent with coverage of the parvocellular nuclei. Although the ROI probably covered the magnocellular nuclei, with projections to orbitofrontal and ventrolateral cortex, we found relatively little connectivity in those regions. This may reflect poor sensitivity of the ROI, which was approximately 15% of the volume of the MDN, to pick up a signal in some subnuclei. Alternatively, different subnuclei of the MDN may exhibit different functional connectivity with cortex. Although these questions await further research, the correspondence of the functional signal with the known thalamocortical projections validates the use of fcMRI as a tool to probe this circuit in schizophrenia.
Because the MDN is a relatively small structure, difficult to localize on an MRI image, and because investigations have reported a reduced size of the MDN, 9, 11, 13 it was important to rule out the possibility of a smaller structure causing reduced connectivity. At the MDN seed ROI, we did not observe gray matter differences between our 2 groups, suggesting that volumetric differences could not account for connectivity differences. It is also not likely that a failure to place the seed ROI in the correct location caused a reduced signal. By moving the seed ROI, we were able to probe the adjacent regions of our central seed location and determine connectivity as a function of displacement. For all of the dorsal displacements, the thalamocortical connectivity signal proved quite robust in the healthy subjects. In none of the subsequently displaced ROIs did we observe an increase in thalamocortical connectivity in schizophrenics. Thus, these analyses show that these methodological issues are unlikely to confound our results. As mentioned in the ''Introduction'' section, growing evidence implicates the thalamus in schizophrenia, [1] [2] [3] and these results provide the first evidence of functional thalamocortical disconnection in chronic schizophrenic patients, to our knowledge. While task-related functional MRI experiments can explicitly probe activity of the thalamus, 15 resting-state connectivity probes the relationship of the thalamus with other brain regions. Under the assumption of quiescent communication between nodes along a healthy connection pathway, resting-state fcMRI demonstrates correlations in temporal fluctuations in the BOLD signal between the nodes. This loss of correlation in temporal fluctuations of the BOLD signal can arise either from aberrant functionality in the thalamus, the ACC, 59, 60 or degradation of the connection between the 2. Thus, while this disconnection is consistent with a dysregulation of excitatory glutamatergic projections from the thalamus to the cortex, 1, 27, 28 other possibilities will require further exploration.
In addition to reduced thalamocortical connectivity to prefrontal cortex, we also found reduced connectivity to subcortical structures-specifically, bilateral caudate nuclei. This finding is not surprising, given the connectivity between MDN and striatum and the cortio-striatal-pallidal-thalamic loop circuits that organize basal ganglia function. 24, 61 The observation of impaired connectivity of the MDN with the caudate nucleus shows the functional deficit in patients is not confined to thalamocortical circuits, but affects integration in other regions. Because brain activity was measured during the resting state, when the subjects had no overt engagement in any task, one needs to consider how variability in mental state might affect our results. Although the origin of lowfrequency BOLD fluctuations-oscillatory activity in the frequency range of 0.01-0.1 Hz-remains obscure, they appear to reflect neuronal activity that binds together neural nodes, defining functionally meaningful networks. 62, 63 Connectivity for the M1 seed ROI was not significantly different between the groups, suggesting that reduced connectivity was not a generalized phenomenon of the schizophrenic subjects. While the sensitivity of thalamocortical connectivity to behavior has not been examined, even if it were shown to reflect changes in behavioral state, the demonstration of a difference between patients and healthy subjects would still be meaningful because the subjects received identical instructions about the scan.
Several considerations need to be kept in mind when interpreting our results. The sample size of 11 patients is relatively small, although the positive result in a small sample demonstrates a relatively strong effect. The patients in this study were chronic, with a long duration of illness, raising a question about whether or not these results generalize to a younger, less chronic population. Also the effect of psychotropic medication, which all of the patients were taking, on LFBFs have not yet been sufficiently studied. Of potential relevance for the question of medication, it is notable that LFBFs have been reported to be unaffected by general anesthesia. 64 In conclusion, we have conducted the first study, to our knowledge, examining thalamocortical connectivity with LFBF, demonstrated the predicted prefrontal connectivity in healthy controls and the absence of this connectivity in schizophrenic patients. The results provide preliminary evidence demonstrating impairment in the oscillatory dynamics of a neurocircuit believed to be of key importance for schizophrenic pathophysiology.
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